The demand for more powerful internal combustion engines with lower weight, reduced fuel consumption, and favorable environmental properties has led to engine piston designs having lower weight, reduced thermal expansion, and good thermal conductivity. These improvements were needed without sacrificing high thermal strength, reduced operating friction, and increased wear resistance. The need for reduced frictional properties resulted in pistons with shorter skirt lengths, which led to a reduction in effective hydrodynamic surface area perpendicular to the pin bore. At the same time, complex cold start cycles and fuel injection systems were developed that brought enriched fuel mixtures into the engine, causing a dramatic reduction in the viscosity of the lubricant film and thereby its capabilities to protect the sliding surfaces from wear. These higher mechanical stresses on the piston combined with the reduced lubricating ability of the oil film led to increased friction and wear rates, which often resulted in decreased customer satisfaction due to high noise (i.e., piston " s l a p " ) o r c o mp l e t e e n g i n e f a i l u r e . T o c o u n t e r a c t t h e s e tribological problems, a variety of piston coatings were developed, but the composition of these coatings often brought a new set of environmental concerns, e.g., the use of heavy metals. The current solution for this problem is to utilize Antif r i c t i o n C o a t i n g s ( AF C ' s ) o n s p e c i f i c a r e a s o f t h e p i s t o n . T h e s e coatings are based on solid lubricant technology combined with that of high performance resins. The coatings are resistant to fuels and engine oils over the normal operating temperature range of the engine. They also provide a long-term lubricant coating with exceptional capability to handle intermittent excursions o u t s i d e a n e n g i n e ' s n o r ma l d u t y c y c l e .
INTRODUCTION
The demand for more powerful internal combustion engines with lower weight, reduced fuel consumption, and favorable environmental properties has led to numerous c h a n g e s i n p i s t o n d e s i g n . T o d a y ' s p i s t o n s h a v e l o we r we i g h t , reduced thermal expansion and good thermal conductivity. At the same time, increased thermal strength together with reduced friction and high wear resistance has led to improved running performance.
To reduce frictional loss, pistons are now being designed with shorter skirt lengths. This not only reduces the skirt area in contact with the piston bore, but also reduces the effective hydrodynamic surface area below the pin bore. These smaller areas now have to bear the considerable forces coming from the sliding and lateral motion of the piston during its upward and downward movements.
During this same time, complex cold start and injection systems were being developed, which delivered so much fuel into the engine cylinders, that the viscosity of the oil film in the piston region was reduced dramatically. These thinner films result in oil that has reduced capability to withstand these same high operating forces.
REQUIREMENTS OF A LUBRICANT COATING
The primary requirements for anti-friction coatings used on engine pistons are shown in Table 1 Low operating tolerances to prevent gas entering in the crankcase and for a higher efficiency (better gas sealing) Long service lifetime:
Resistance against mineral and synthetic engine oils The table summarizes the mechanical and thermal stresses on a piston coating along with the tribological requirements and issues related to comfort, environmental and service lifetime.
R e s e a r c h wo r k i n t h e 1 9 8 0 ' s a n d 1 9 9 0 ' s s h o we d t h a t engine pistons normally work under a condition of fully hydrodynamic lubrication. Figure 1 illustrates work done by Brucker [1] and Kanne [2] in determining the piston-to-wall clearances during engine operation. The upper curve is a plot of actual measured gap widths by Brucker; the lower curve represents gap widths calculated by Kanne using hydrodynamic principles. As the curvatures in Figure 1 illustrate, the piston works under a condition of fully hydrodynamic lubrication in normal operation. Wear rates should be close to negligible at this point. More recent research by Offner and Priebsch further confirms the existence of a hydrodynamic lubricating film during piston operation. However, in spite of these findings, there are operating conditions in an engine where the piston is not fully supported by a hydrodynamic lubricating film. For example:
 Initial engine run-in, where the surfaces are under much tighter tolerances and the possibility for some degree of boundary type lubrication exists  Cold engine start-up, where the oil film can be partially washed out or lowered in viscosity by the incoming fuel charge  Emergency operating conditions or other engine component failure, e.g., high operating temperatures (causing low oil viscosity), water in oil due to gasket failure, etc.
In the past, thin metal coatings containing lead or tin (thin films of approx. 3-5  m thickness) have been used to help alleviate these wear conditions. However, these films are only capable of reducing the engine run-in problem and cannot provide the longer-term lubrication needed. Figure 2 illustrates several pistons that have sustained severe wear because of the operating conditions described above. Today, the following areas of the piston/connecting rod assembly are treated with solid lubricant coatings, which provide the listed benefits: Skirt: noise reduction and scuffing durability, in addition to the capability to reduce piston/bore clearance to a minimum due to the smoothness of the coating Top Land: increased performance by reducing piston/bore clearance in this high temperature area Wrist pin bore: wear reduction
The advantages noted to increased engine performance after the application of these coatings are:
(piston to liner gap is greatest at this point due to different coefficients of expansion of aluminum and cast iron)  Improved sealing of top land area
TEST RESULTS
Prior to specifying the use of lubricant coatings on pistons, car manufacturers and piston suppliers conducted numerous engine tests. Th e s e t e s t s we r e a c c o mp a n i e d b y " b e n c h t o p " testing done by the coating suppliers to demonstrate the capability of these coatings in this application. The following tests were used to simulate the expected coating performance in an engine. Four different anti-friction coatings were tested: Figure  7 . Also, in this test the coefficient of friction for a non-coated pairing of cast iron/aluminum was measured at 0.094. Of the coated samples, AFC A and AFC D gave the best results. This data correlated well with that obtained from actual engine tests, especially from those zones where there was known to be less hydrodynamic piston lubrication occurring. 
B. Load-carrying Capacity
To determine the load-carrying capacity of the various coatings, the block-on-ring tester was selected. For this test, the ring was partially immersed in engine oil. Test parameters were:
 In an earlier series of tests, the amount of wear on the test pieces was measured using the block-on-ring tester. For these tests, an aluminum block was run against a coated ring partially submerged in engine oil, which was being maintained at an elevated temperature. Test results indicated that parts coated with AFC B exhibited significantly less wear thant AFC A. This data is presented graphically in Figure 9 . 
C. Noise Reduction
Organic lubricant coatings have also shown excellent results when applied to metal parts running against each other under conditions of vibratory or shock loading. For example, in gearboxes a coating on the spur gear teeth can significantly reduce the amount of noise generated during operation. This reduction occurs as a result of the dampening properties the coatings provide between the metal surfaces as they come into contact.
On pistons, the high pressures generated during the ignition cycle cause the piston to move laterally along the pin axis and contact the cylinder wall. The use of a lubricant coating can dampen these shock forces, thereby reducing the noise resulting from this contact. A comparison based on actual engine noise measurements shows qualitatively the noise reduction between a coated and an uncoated piston. These results are presented graphically in Figure 10 . At lower speeds (1000-3000 l/min), the noise reduction can reach 3-5 dB(A), depending on type of engine, coating thickness and dimensional clearances.
CONCLUSION
T o d a y ' s a u t o mo t i v e p i s t o n d e s i g n s f a c e mo r e a n d mo r e demanding operating conditions, which require the use of newer materials and application processes. One of these has been the use of solid lubricant coatings on specific areas of pistons to improve their frictional properties. The benefits of these coatings include:
 Wear reduction, especially under those conditions where hydrodynamic lubrication fails, e.g., cold start, high temperature operation, or when thinning of the engine oil by injected fuel. When this occurs, the coating provides the needed lubrication and protects the piston from excessive wear or seizure [9] .  Increased engine life, by preventing excessive piston wear and seizure.  Reduced fuel consumption, by lowering the coefficient of friction between the piston and the cylinder wall.  Lower emissions, by reducing blow-by losses due to closer dimensional tolerances.  Noise reduction, by reducing piston to liner gap, especially under cold start conditions.  Reduced engine failures, by preventing piston seizure during high temperature operation, coolant leaks into cylinders, etc.
To provide these benefits, a variety of piston coatings have been developed using this technology, that provide varying degrees of lubrication and the ability to handle many different combinations of piston/liner materials. Consequently, it is believed that most piston manufacturers in all areas of the world are now using these coatings with their new piston designs.
